Evidence That the Periaqueductal Gray Matter Mediates the Facilitation of Panic-Like Reactions in Neonatally-Isolated Adult Rats by Quintino-dos-Santos, Jeyce Willig et al.
Evidence That the Periaqueductal Gray Matter Mediates
the Facilitation of Panic-Like Reactions in Neonatally-
Isolated Adult Rats
Jeyce Willig Quintino-dos-Santos1,2, Cla´udia Janaı´na Torres Mu¨ller1, Cristie Setu´bal Bernabe´1,
Caroline Azevedo Rosa1, Se´rgio Tufik3, Luiz Carlos Schenberg1*
1 Department of Physiological Sciences, Federal University of Espı´rito Santo, Vito´ria, ES, Brazil, 2 Department of Sports, Federal University of Espı´rito Santo, Vito´ria, ES,
Brazil, 3Department of Psychobiology, Federal University of Sa˜o Paulo, Sa˜o Paulo, SP, Brazil
Abstract
Plenty of evidence suggests that childhood separation anxiety (CSA) predisposes the subject to adult-onset panic disorder
(PD). As well, panic is frequently comorbid with both anxiety and depression. The brain mechanisms whereby CSA
predisposes to PD are but completely unknown in spite of the increasing evidence that panic attacks are mediated at
midbrain’s dorsal periaqueductal gray matter (DPAG). Accordingly, here we examined whether the neonatal social isolation
(NSI), a model of CSA, facilitates panic-like behaviors produced by electrical stimulations of DPAG of rats as adults. Eventual
changes in anxiety and depression were also assessed in the elevated plus-maze (EPM) and forced-swimming test (FST)
respectively. Male pups were subjected to 3-h daily isolations from post-natal day 2 (PN2) until weaning (PN21) allotting half
of litters in individual boxes inside a sound-attenuated chamber (NSI, n= 26) whilst siblings (sham-isolated rats, SHAM,
n= 27) and dam were moved to another box in a separate room. Non-handled controls (CTRL, n= 18) remained undisturbed
with dams until weaning. As adults, rats were implanted with electrodes into the DPAG (PN60) and subjected to sessions of
intracranial stimulation (PN65), EPM (PN66) and FST (PN67-PN68). Groups were compared by Fisher’s exact test (stimulation
sites), likelihood ratio chi-square tests (stimulus-response threshold curves) and Bonferroni’s post hoc t-tests (EPM and FST),
for P,0.05. Notably, DPAG-evoked panic-like responses of immobility, exophthalmus, trotting, galloping and jumping were
markedly facilitated in NSI rats relative to both SHAM and CTRL groups. Conversely, anxiety and depression scores either did
not change or were even reduced in neonatally-handled groups relative to CTRL, respectively. Data are the first behavioral
evidence in animals that early-life separation stress produces the selective facilitation of panic-like behaviors in adulthood.
Most importantly, results implicate the DPAG not only in panic attacks but also in separation-anxious children’s
predispositions to the late development of PD.
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Introduction
Dyspnoea, panic and urge to flee are the cardinal symptoms of
clinical panic [1,2]. Panic attacks are also precipitated by infusions
of sodium lactate and inhalations of 5–7% carbon dioxide (CO2) in
predisposed patients but not in healthy subjects [3,4,5]. These and
other data led Donald Klein [1] to postulate that clinical panic is
the misfiring of an evolved suffocation alarm system.
On the other hand, plenty evidence suggests that the
periaqueductal gray matter (PAG) of the midbrain plays a crucial
role in panic attacks [6,7,8,9]. Indeed, while electrical stimulations
of the dorsal half of PAG (DPAG) of humans produce panic,
dyspnoea, chest pain and sensations of smothering or ‘‘hunger for
air’’ [10,11], the DPAG is markedly activated in both volunteers
experiencing definite symptoms of smothering [12] and patients
panicking upon the infusion of sodium lactate [13]. The DPAG is
likewise activated during the exposure of volunteers to a virtual
predator which was otherwise able to inflict real shocks to the
subject’s finger [14]. Curiously, as well, Amano and collaborators
[15] had long reported that a patient stimulated in the PAG
uttered ‘‘somebody is now chasing me, I’m trying to escape from
him’’. These observations are compatible with DPAG mediation
of both the respiratory and non-respiratory types of panic attacks
[16].
In rats, electrical and chemical stimulations of DPAG produces
freezing and flight behaviors along with marked cardiorespiratory
responses which are reminiscent of a panic attack [17,18,19,
20,21]. Moreover, previous studies showed that DPAG-evoked
defensive behaviors are either attenuated or virtually suppressed
by chronic administrations of panicolytics in doses and regimens
alike to those of the therapy of panic disorder (PD) [8]. Most
notably, however, the recent study of Schimitel and colleagues
[22] presented compelling evidence that the DPAG harbors a
hypoxia-sensitive alarm system that may be implicated in both
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spontaneous and asphyxia-induced panic attacks. Consequently,
the latter authors proposed that respiratory (suffocation-like) and
non-respiratory (predation-like) panics are processed in the lateral
(LPAG) and dorsolateral (DLPAG) regions of PAG respectively.
The latter study was corroborated by c-fos immunohistochemistry
data showing that the DPAG and the nucleus of solitary tract were
both activated in rats escaping from 8% hypoxia [23]. The DPAG
mediation of panic attacks was also supported by the recent report
of CO2 provocation of panic in Urbach-Wiethe fear-unresponsive
patients with bilateral extensive calcifications of the amygdala
[24]. Accordingly, Feinstein and colleagues [24] concluded that
panic is most likely mediated ‘‘at the brainstem’’ in spite of the
established role of the amygdala in fear and anxiety of both
humans and animals.
Clinical and epidemiological evidence suggests, on the other
hand, that childhood separation anxiety (CSA) predisposes to the
late development of PD [25,26,27]. In particular, twin-based
clinical and epidemiological studies showed that CSA and PD
share a common genetic diathesis [28,29]. Moreover, separation-
anxious offspring of parents with panic disorder (PD) presents
ventilatory responses to hypercapnia similar to those observed in
panic patients [30]. In the same vein, preclinical studies showed
that respiratory responses to hypercapnia are facilitated in both
mice and rats exposed to unstable familial environment (repeated
cross-fostering) [31] and maternal separations [32,33,34,35,36]
respectively. These and other results led Preter and Klein [37] to
propose that CSA and PD are caused by a defective opioidergic
buffering of both the separation and the suffocation alarm systems.
Plenty evidence also suggests that early-life adverse events lead to
neurobiological and behavioral manifestations of depression [38].
Indeed, panic is very often comorbid with depressive disorders
[39,40,41]. Despite the above evidence, clinical and epidemiolog-
ical recent studies reported that neither the CSA [27] nor the
early-life adversity [28,29] had any effect on the rate of depression
and PD respectively. Accordingly, the influence of the early-life
environment in the late development of panic and depression
remains largely unsolved.
In any event, above studies suggest that CSA predisposing risk
to adult-onset PD could be mediated by the DPAG. Thus, here we
examined whether the neonatal social isolation (NSI), an
experimental model of CSA, facilitates panic-like behaviors
produced by electrical stimulations of DPAG of adult rats. As a
corollary, NSI facilitation of DPAG-evoked defensive behaviors
would be a compelling evidence of DPAG involvement in
developmental aspects of PD. Eventual changes in anxiety and
depression were also assessed in the elevated plus-maze (EPM) and
forced-swimming test (FST) respectively.
Materials
Animals
Nulliparous pregnant Wistar rats were kept alone in polypro-
pylene boxes (30 cm620 cm613 cm) until parturition. On
postnatal day 2 (PN2), female pups were sacrificed with chloral
hydrate (400 mg/kg, I.P.) and males were marked with a surgical
pen (Texta Fineline 700, Japan) as isolated or non-isolated,
according to the group to be allotted to. Except for the isolation
periods, litters (maximum of 8 pups) remained with dams in larger
polypropylene nest boxes (49 cm634 cm616 cm) up to weaning
(PN21). Isolated and non-isolated siblings were raised separately in
groups of 2 to 4 subjects in polypropylene boxes with food and
water ad libitum and wood shave bedding. At the end of
experiments, male rats were anesthetized with chloral hydrate
and sacrificed concomitantly to the brain perfusion with saline (see
Histology).
Ethic statement
Experiments complied with the guidelines of the National
Institute of Health Guide for the Care and Use of Laboratory
Animals (NIH Publications No. 80-23, 1996) and were all
approved by the local committee on the ethical use of animals
in scientific research (Comiteˆ de E´tica no Uso de Animais da
Escola de Medicina da Santa Casa de Miserico´rdia, Vito´ria, ES,
CEUA-EMESCAM Protocol 023/2007).
NSI procedure
In two groups, the NSI was carried out throughout the lactation
period (PN2-PN21) according to a split-litter (twin-like) genetical-
ly-balanced design. Each morning half of pups of each litter
(neonatally-isolated rats, NSI, n= 26) were allotted to individual
boxes (30 cm620 cm613 cm) for a 3-h period whilst siblings
(sham-isolated rats, SHAM, n= 27) and dam were moved to a
novel box (49 cm634 cm616 cm) in a separate room. Environ-
mental stimuli were attenuated by placing the isolation boxes
inside a large incubator (49 cm666 cm696 cm) kept at room
temperature (20–22uC) and having a roof opening (10 cm610 cm)
for air renewal. At the end of the isolation period, pups and dams
were moved back to the nest box. In a third group, pups were kept
undisturbed with dams up to weaning (control rats, CTRL,
n= 18). Pups were handled by a single experimenter (JWQS)
which was responsible for the cleaning of nest boxes at 5-day
intervals. As adults, rats were implanted with electrodes aimed at
the DPAG (PN60) and subjected to consecutive daily sessions of
intracranial stimulation (PN65), EPM (PN66) and FST (training-
session: PN67; test-session: PN68) (Table 1).
Electrodes and surgery
Electrodes were made of a stainless steel wire (0.25 mm o.d.)
(California Fine Wire Company, Grover City, USA) insulated
throughout except at the cross section of the tip. A non-insulated
stainless steel wire served as the indifferent electrode. Electrode
implantation was carried out as previously described [20].
Thereafter, rats were allotted to glass-walled individual boxes
(25 cm615 cm630 cm) with wood shave bedding and food and
water ad libitum.
DPAG stimulation
Five days after surgery, rats were stimulated in a Plexiglas
cylindrical open-field (60 cm wall height and diameter) placed in a
sound-attenuated temperature-controlled room (23–25uC). Stim-
ulation was performed through a constant current sine-wave
stimulator (FDV, Ribeira˜o Preto, Brazil) connected to a mercury
swivel that allowed the free movement of the rat. Following a
habituation period of 15 min, rats were stimulated with 30 s trains
Table 1. Protocol of neonatal social isolation (NSI).





Surgery ICS EPM FST-1 FST-2
Sacrifice
PN – postnatal day, ICS – intracranial stimulation, EPM – elevated plus-maze,
FST-1 – forced swimming pretest session, FST-2 – forced swimming test session.
doi:10.1371/journal.pone.0090726.t001
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of stepwise increasing intensities (5 mA steps, 60 Hz, a.c.), applied
5 min apart.
DPAG-evoked behavior recording
The DPAG-evoked ‘threshold responses’, i.e., the responses
elicited with minimally effective currents, were recorded in a
binary way, as emitted or not, irrespective of the response
frequency or duration during a single stimulation trial. The rat
defensive behaviors were recorded according to a statistically
validated ethogram [20], as follows:
Exophthalmus – The eyes take on a spherical shape due
to the eyeball protrusion and fully opening of the eyelid.
Immobility – Overall behavioral arrest accompanied by
the increase in muscle tonus as suggested by the
extension of neck and/or limbs and elevation of head,
trunk and/or tail. Except for the visible tachypnoea, the
rat looks like a ‘statue’ for periods as short as 3 s or
lasting the whole stimulation trial (30 s). Tense immo-
bility was invariably accompanied by exophthalmus, but
not the inverse.
Trotting – Fast locomotion with out-of-phase stance and
swing movements of contralateral limbs and the
elevation of trunk and tail (not crawling).
Galloping – Running alternating stance and swing
movements of anterior and posterior limb pairs.
Jumping – Upward leaps directed to the border of the
open-field.
Defecation and micturition – Ejection of feces and urine
(neither the search of a suitable place, nor the
concealment of feces were reported in rats). The binary
recording of threshold responses avoided the influence of
colon and bladder emptying to repeated stimulations of
DPAG.
EPM procedure
The EPM was set 77 cm above the floor in a sound-attenuated
temperature-controlled (23–25uC) low-lit (44 lux) room. The
apparatus was a plus-shaped formica-covered wooden maze made
up of 2 enclosed-arms (50610 cm) surrounded by a 40-cm wall
and 2 open-arms (50610 cm) having a 1-cm aluminum ledge to
minimize falls. Enclosed and open arms communicated through a
central platform (10610 cm). In the EPM procedure, the rat was
placed in the central platform facing an enclosed arm and allowed
to explore the maze for 5 min. Following each EPM session, the
apparatus was cleaned with 10% ethyl alcohol solution. Sessions
were filmed with a digital camera (SONY, CyberShot, Manaus,
Brazil) and analyzed off-line by a single experimenter (JWQS).
Anxiety-like behaviors were assessed through the percentage of
entries (%OAE=1006 open arm entries/total arm entries) and
time spent (%OAT=1006 open arm time/total arm time) in
open arms. Exploratory activity was assessed through the number
of enclosed arm entries (EAE). An ‘entry’ was defined as the
invasion of the arm with four paws. The time spent in the central
platform (CPT) was calculated as the session total duration (5 min)
minus the time spent in arm exploration.
FST procedure
The FST was carried out in a transparent plexiglas cylinder of
28.5 cm diameter and 62 cm height. In training session (FST-1),
the cylinder was filled with water up to the height of 54 cm and the
rat was forced to swim for 15 min. The day after (FST-2 test
session), the rat was subjected to 5-min forced swimming session.
FST test sessions were filmed with a digital camera and analyzed
off-line. Floating duration was measured as the sum of periods in
which the rat remained virtually immobile, except for the small
movements to keep the head above the surface.
Histology
After the terminus of experiments, rats were deeply anesthetized
and intracardially perfused with the aid of a peristaltic pump
(Masterflex C/L, model 77120-70, Barrington, USA) with 200 ml
of 0.9% NaCl followed by 200 ml of 10% formaldehyde solution.
Heads were further kept in 10% formaldehyde for a minimum of 4
days for the appropriate molding of the electrode tract. Thereafter,
brains were removed, blocked and sectioned (60 mm) in a Cryostat
(Leica CM 1850, Wetzlar, Germany). Sections were laid down
onto glass slides, dried overnight (38uC), stained with neutral red
(Sigma, St. Louis, USA) and mounted with DPX (Aldrich
Chemical Company, Milwaukee, USA). Histological analysis was
carried out through low magnification light microscopy (Leica DM
2500 microscope coupled to a DFC 300 FX camera, Wetzlar,
Germany). Stimulation sites were plotted onto coronal diagrams of
rat brain atlas [42].
Statistics
Electrode localization. Group differences in electrode
localization were assessed through Fisher’s 2-tail exact test (P,
0.05).
EPM and FST performances. Rat behaviors were com-
pared by one-way ANOVA followed by post hoc t-tests for
Bonferroni’s 5% descriptive level.
DPAG-evoked responses. PAG-evoked responses were ex-
amined through the threshold logistic analysis. This method was
devised as a convenient way to model the probabilities of
intracranially-evoked unconditioned behaviors [20,43]. Techni-
cally, the method is an extension of regression analysis of binary
variables employed in the determination of median effective doses
(ED50). As such, the method yields both the stimulus-response
threshold curve (response probability distribution) and the
population unbiased estimate of the median effective intensity
(I506SE).
Intensity-response curves were obtained by maximum likelihood
fitting of response accumulated frequencies in function of the
logarithm of current intensity, according to the logistic function,
P(yij|xij) = [1+exp2(aj+bjxij)]21, where P is the expected proba-
bility of the response yij at a given stimulus xij, aj is the intercept
and bj the ‘slope’ (curvature parameter) of the jth curve (e.g.,
curves of NSI, SHAM or CTRL groups).
The population estimates of Log(I50) and I50 were computed as
Log(I50) =2aj/bj and I50 = 10
2aj/bj respectively. The standard
error of Log(I50) was estimated as SE(LogI50) = ((Var(a)22(a/
b)Cov(a,b)+(a/b)2Var(b))/b2)K [44]. Accordingly, the standard
error of I50 was calculated as SE(I50) = I50(SE(LogI50)), where the
parameter variances (Var) and covariances (Cov) were provided by
the estimated covariance matrix of SAS logistic procedure.
Regression significant effects were assessed through Wald’s chi-
square, x2w = (bj/SEb)
2 where ‘SEb’ is standard error of the
curvature parameter (bj). Intensity-response (threshold) curves
were parameterized through indicator variables (0, 1) and
compared by likelihood-ratio x2 tests [44]. Chi-square values
were further partitioned to assess the net contribution of
differences in either the location or slope of threshold curves.
Curve pairwise comparisons (1 d.f.) were considered significant for
Bonferroni’s 5% descriptive level.
Statistical analyses were all performed with the SASH statistical
software (Statistical Analysis System, Cary, USA).
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Results
Stimulated sites
Electrode localization did not differ significantly among groups
(Fig. 1, Table 2). Thus, apart from 1 electrode in the dorsomedial
column of PAG (DMPAG) and 3 electrodes in the deeper layers of
superior colliculus (DLSC), electrodes were all localized into the
DLPAG and LPAG. Moreover, LPAG electrodes were mostly
localized at caudal levels of this column (27.8 mm to 28.3 mm
posterior to bregma).
Effects of NSI on the thresholds of DPAG-evoked
responses
The overall comparison of threshold curves showed significant
differences for immobility (x2 = 23.5, 4 d.f., P,0.0001), exoph-
thalmus (x2 = 35.4, 4 d.f., P,0.0001), trotting (x2 = 27.7, 4 d.f.,
P,0.0001), galloping (x2 = 38.5, 4 d.f., P,0.0001) and jumping
(x2 = 12.3, 4 d.f., P,0.01) (Figures 2–3). Further partitioning of the
x2 showed that these differences were exclusively due to changes in
the location (but not slope) of threshold curves. In contrast,
micturition and defecation responses did not differ among groups.
Pairwise post hoc comparisons showed that the thresholds of NSI
were significantly lower than those of CTRL for immobility
Figure 1. Localization of stimulating electrodes. Groups symbols were plotted in the same side for the sake of clarity. Abbreviations: DGLSC
and DWLSC – deep gray and white layers of superior colliculus, DMPAG, DLPAG, LPAG and VLPAG – dorsomedial, dorsolateral, lateral and
ventrolateral columns of the periaqueductal gray matter, DR – dorsal raphe, IC – inferior colliculus. Numbers refer to anteroposterior coordinates in
relation to bregma of coronal plates of Paxinos and Watson’s (1998) rat brain atlas [42].
doi:10.1371/journal.pone.0090726.g001
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(DI50%=218%, x
2 = 13.8, 1 d.f., P,0.0005), exophthalmus
(DI50%=231%, x
2 = 26.0, 1 d.f., P,0.0001), trotting
(DI50%=217%, x
2 = 16.4, 1 d.f., P,0.0001) and galloping
(DI50%=216%, x
2 = 16.0, 1 d.f., P,0.0001), but not jumping
(Figures 2–3).
As well, thresholds of NSI rats were significantly reduced as
compared to those of SHAM rats for immobility (DI50%=220%,
x2 = 19.3, 1 d.f., P,0.0001), exophthalmus (DI50%=228%,
x2 = 22.7, 1 d.f., P,0.0001), trotting (DI50%=217%, x
2 = 20.6,
1 d.f., P,0.0001), galloping (DI50%=220%, x
2 = 33.6, 1 d.f., P,
0.0001) and jumping (DI50%=213%, x
2 = 7.7, 1 d.f., P,0.005)
(Figures 2–3). Thresholds of CTRL and SHAM rat groups were
but virtually identical.
NSI effects on the EPM and FST
Although the groups did not differ respecting their performance
in the EPM (Fig. 4), they performed differently in the FST
(F2,58 = 6.43, P,0.005). Differences in FST were due to the longer
periods of immobility of CTRL group relative to both the NSI
(t = 3.05, P,0.005) and SHAM (t = 3.16, P,0.005) groups (Fig. 4).
NSI effects on mothering behavior
Although not quantified, it was noticed that the identification
marks of isolated pups faded much faster than those of the non-
separated siblings. This observation suggests more intense stroking
and licking behaviors towards the reunited pup.
Table 2. Brain areas stimulated in controls (CTRL), sham-isolated rats (SHAM) and neonatally-isolated rats (NSI).
DMPAG DLPAG LPAG DLSC Total
n % n % n % n % n %
CTRL 1 5.5 10 55.5 5 27.7 2 11.1 18 25.4
SHAM – – 20 74.1 7 25.9 – – 27 38.0
NSI – – 17 65.4 8 30.8 1 3.8 26 36.6
Total 1 1.4 47 66.2 20 28.2 3 4.2 71 100
DMPAG, DLPAG and LPAG – dorsomedial, dorsolateral and lateral columns of periaqueductal gray matter, DLSC – deep layers of superior colliculus.
doi:10.1371/journal.pone.0090726.t002
Figure 2. Intensity-response threshold curves of panic-like behaviors evoked by electrical stimulations of the dorsal
periaqueductal gray matter. Curves are the best-fitted logistic functions of threshold response accumulated proportions in function of the
logarithm of the stimulus intensity (mA). The abscissa is in logarithmic scale. Dashed lines (–) indicate significant differences between groups (P,0.05,
likelihood-ratio x2 test for curve location). Abbreviations: r – responders, n –number of stimulated rats.
doi:10.1371/journal.pone.0090726.g002
Panic Facilitation in Neonatally-Isolated Adult Rats
PLOS ONE | www.plosone.org 5 March 2014 | Volume 9 | Issue 3 | e90726
Discussion
As adults, NSI rats showed marked facilitations of DPAG-
evoked freezing and flight behaviors relative to both SHAM and
CTRL groups. Similarly, DPAG-evoked jumping behavior was
facilitated in NSI rats as compared to the former group. By
contrast, groups did not differ with respect to both the defecation
and micturition. The latter observations are in agreement with
previous studies suggesting that DPAG-evoked defensive behaviors
(freezing and flight) and pelvic viscera responses (micturition and
defecation) are processed by functionally distinct systems within
the PAG [8,9,20,22,45]. As it regards, it is pertinent that urges of
defecation and micturition are neither experienced by patients
during panic attacks [1,2], nor recognized as symptoms typical of
clinical panic [46,47].
Group comparisons were endorsed by the remarkable similarity
of brain stimulated sites. Indeed, apart from one electrode in
DMPAG and three electrodes in DLSC, group stimulation sites
were evenly distributed within the LPAG and DLPAG. The
similarity of group stimulations is further supported by previous
studies showing that current-varying sine-wave stimuli are unable
to discriminate between DPAG and DLSC [20,48]. Moreover,
whereas the split-litter design makes it unlikely the influence of
differences in genetic background, the remarkable similarity of
SHAM and CTRL groups discards the significant effect of dam’s
separation stress. Consequently, group differences were most likely
due to social isolation early in life.
Although not quantified, a striking observation of the present
study was that the identification marks of isolated pups faded
much faster than those of non-separated siblings. Because mother’s
licking and grooming behaviors have marked effects on pup’s
development [49,50,51], it remains unclear whether the facilita-
tion of panic-like behaviors was due to maternal separation
properly, to dam’s excessive licking of reunited pup [52], or to any
combination of these factors. Indeed, ultrasonic vocalizations and
neuroendocrine responses of mother-deprived pups are markedly
affected by dam’s care giving behaviors, including feeding and
anogenital stroking [53,54,55], and tactile and olfactory cues from
both dam [56,57,58,59] and siblings [60].
Present data are in agreement with previous studies showing
that neonatally-isolated adult rats present sex-dependent facilita-
tions of panic-like respiratory responses to both hypoxia (males)
and hypercapnia (females) [31,32,33,34,35]. Accordingly, Kinkead
and collaborators [31] suggested that NSI facilitates the central
processing of chemoreceptor afferent inputs of adult rats. Yet, here
we showed that NSI may also sensitize DPAG regions presump-
tively involved in behavioral alarm systems to both the predation
(DLPAG) and suffocation (LPAG) [22]. Otherwise, NSI facilita-
tions of behavioral and respiratory panic-like responses could be
due to enduring plastic changes of PAG descending projections to
cuneiform nucleus (midbrain locomotor region) and parabrachial
region (pontine pneumotaxic center) respectively [21,61,62,63].
Lastly, NSI panic-enhancing effects could be the outcome of early-
life programming of hypothalamus-pituitary-adrenal (HPA) axis
[35,49,50,64]. As a matter of fact, the HPA axis is known to be
hyperactive either in PD patients [65,66] or adult rats which were
subjected to 24-h mother deprivations [67,68] or 3-h daily
maternal isolations [32,69] in the first two weeks of age.
Most importantly, however, NSI produced the selective
facilitation of DPAG-evoked panic-like reactions. Indeed, whereas
the anxiety and depression scores of NSI rats were virtually
identical to those of SHAM rat group, depression scores of
neonatally-handled groups (NSI and SHAM) were significantly
reduced relative to the non-handled group (CTRL). Consequently,
the augmented resilience of former groups should be credited to
Figure 3. Median threshold intensities (I50±SE) of neonatally-isolated rats, sham-isolated rats and non-handled controls. Symbols
represent values significantly different from controls (*) and sham-isolated rats (+) for Bonferroni’s 5% criterion (likelihood ratio x2 tests for curve
location).
doi:10.1371/journal.pone.0090726.g003
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pup handling throughout the lactation period. Be this as it may, it
remains to be elucidated whether the present results still hold in
pups which isolation was restricted to the first two weeks of age
comprising the ‘‘stress hyporesponsive period’’ [54]. In any event,
our results are in line with prior studies that failed in finding any
increase in basal anxiety of neonatally-isolated mice and rats
which were exposed as adults to EPM, elevated T-maze (ETM),
open-field (OF) and dark/light box [70,71,72]. Actually, there are
reports of reduced levels of anxiety of neonatally-isolated adult rats
exposed to EPM, ETM and OF [73,74,75]. Moreover, studies
carried out with FST, OF and sucrose-preference anhedonia test
(SPAT) did not find any sign of depression in neonatally-isolated
adult rats [75,76]. Conversely, however, a number of studies
suggests that NSI rats are more anxious than controls in the EPM
[75,77,78,79,80,81]. Although the conflicting literature may be
due to the many procedures of maternal separation [82], Huot and
collaborators [77] reported that NSI-induced increases in scores of
both anxiety (EPM) and depression (SPAT) were prevented by
chronic treatment with paroxetine (7 mg/day/21 days). Similarly,
unpublished results from our laboratory (C.S. Bernabe´) showed
that NSI-induced anhedonia was prevented by chronic adminis-
tration of a clinically effective dose of fluoxetine (1 mg/kg/day/21
days). Therefore, although the evidence is mixed, the latter studies
support the development of mild depressive symptoms in NSI rats
in spite of the FST negative results herein reported.
Present data are reminiscent of Rachel Klein’s [26] 15-year
double-blind interview-based follow-up study of children display-
ing manifest symptoms of CSA (school-refusal). Indeed, Klein [26]
found that the only significant difference in separation-anxious
subjects was the increase in the rate of panic attacks in early
adulthood. Yet, probands also showed a significant increase in
hospitalizations due to depressive episodes and a trend (P,0.10) to
an increased rate of major depression. It should be noted,
however, that McGrath and collaborators [83] did not find any
change in the sensitiveness to sodium lactate in non-treated
depressed outpatients without PD. In the same vein, DPAG-
evoked defensive behaviors were attenuated in presumptively
depressed rats exposed to uncontrollable stress [84]. Accordingly,
the weight of the evidence suggests that CSA predisposes subjects
predominantly to PD.
Despite all the evidence to the contrary, recent studies raised
serious doubts about the influence of early-life adversities on the
late development of PD. Indeed, Battaglia and colleagues
[85,86,87] showed that whereas the genetic factors are responsible
for the larger proportion (64–89%) of the covariation of PD and
CO2 hypersensitivity, environmental factors, either shared (child-
hood) or unique (adulthood), explained a negligible proportion of
these traits if any. Similarly, Roberson-Nay and colleagues [29]
showed that whereas a common genetic diathesis accounted for
39% and 35% of the respective variations of CSA and PD, shared
events of childhood accounted for 1.2% of adult-onset panic
attacks only. By contrast, the latter authors found that non-shared
events of early adulthood were responsible for 64% of panic
attacks, confirming the acknowledged importance of stressful
events as triggers of PD [88,89,90,91]. Because the former studies
employed the same analytical procedure (Choleski’s decomposi-
tion of covariance matrix) [29,85,86,87], the striking difference in
the contribution of adult environment may be due to the more
stringent sampling criterion of Battaglia’s group studies (i.e., CO2
hypersensitivity). In turn, the negligible contribution of childhood
environment in the latter studies could be due to Choleski’s
procedure inappropriate assessment of gene-by-environment
interactions. Indeed, studies carried out with other methods
showed that CO2 sensitivity increases linearly with the number
and severity of adverse life events [92,93]. Moreover, Spatola and
collaborators [93] found that only events which took place before
18 years of age correlated with CO2 hypersensitivity. These data
suggest that the panic-enhancing effects of early-life adversities are
solely expressed upon stressful conditions of adulthood (e.g.,
hypercapnia, hypoxia, trauma, loss, etc). Accordingly, NSI
facilitation of DPAG-evoked panic-like responses of present study
could be due to the interaction of stressful isolation periods of
infancy (PN2-PN21) and adulthood (PN60-PN65 post-surgery
recovery). As a matter of fact, Fournier and colleagues [94]
showed that modest changes in housing of juvenile rats (pairs
versus triads) may either attenuate or suppress the enhancement of
respiratory responses to hypoxia in neonatally-isolated adult rats.
Concluding, whatever the mechanism involved, present data
support the DPAG involvement not only in panic attacks but also
in the predisposing risk of separation-anxious children to the late
development of PD.
Acknowledgments
This study was part of the PhD Thesis of JWQS and was granted the Merit
Award at the XXVI Annual Meeting of the Brazilian Federation of
Societies of Experimental Biology (FESBE). Authors were recipients of
MSc (CAR) fellowship from CAPES, and PhD (CJMT) and Senior
Researcher (LCS, ST) fellowships from CNPq. Histology was performed at
the facilities of the Laboratory of Molecular Histology and Immunohis-
Figure 4. Effects of neonatal social isolation on the perfor-
mance of adult rats in the elevated plus-maze (n= 19–27) and
forced swimming test (n= 18–24). Columns represent mean6SEM.
CTRL – controls, SHAM – sham-isolated rats, NSI – neonatally-isolated
rats. EAE – number of entries in enclosed arms (mean6SEM), OAE% -
percent of entries in open arms, OAT% - percent of time in open arms.
* P,0.005, statistically different from CTRL.
doi:10.1371/journal.pone.0090726.g004
Panic Facilitation in Neonatally-Isolated Adult Rats
PLOS ONE | www.plosone.org 7 March 2014 | Volume 9 | Issue 3 | e90726
tochemistry (LHMI) of the Health Sciences Center of the Federal
University of Espirito Santo. Authors wish to thank Professors Thelma
A. Lovick (Bristol University, UK) and Richard Kinkead (Universite´ Laval,
CAN) for the helpful suggestions during the preparation of this article.
Author Contributions
Conceived and designed the experiments: JWQS LCS. Performed the
experiments: CJTM CSB CAR. Analyzed the data: JWQS CJTM LCS.
Contributed reagents/materials/analysis tools: LCS ST. Wrote the paper:
LCS.
References
1. Klein DF (1993) False suffocation alarms, spontaneous panics, and related
conditions. An integrative hypothesis. Arch Gen Psychiatry 50: 306–317.
2. Goetz RR, Klein DF, Gorman JM (1996) Symptoms essential to the experience
of sodium lactate-induced panic. Neuropsychopharmacology 14: 355–366.
3. Pitts FN, McClure JN (1967) Lactate metabolism in anxiety neurosis. New Engl.
J. Med 277: 1329–1336.
4. Gorman JM, Askanazi J, Liebowitz MR, Fyer AJ, Stein J, et al. (1984) Response
to hyperventilation in a group of patients with panic disorder. Am J Psychiatry
141: 857–861.
5. Kent JM, Papp LA, Martinez JM, Browne ST, Coplan JD, et al. (2001).
Specificity of panic response to CO2 inhalation in panic disorder: a comparison
with major depression and premenstrual dysphoric disorder. Am. J. Psychiatry
158: 58–67.
6. Deakin JFW, Graeff FG (1991) 5-HT and mechanisms of defence. J.
Psychopharmacol 5: 305–315.
7. Jenck F, Moreau JL, Martin JR (1995) Dorsal periaqueductal gray-induced
aversion as a simulation of panic anxiety: elements of face and predictive
validity. Psychiatry Res 57: 181–191.
8. Schenberg LC, Bittencourt AS, Sudre´ ECM, Vargas LC (2001) Modeling panic
attacks. Neurosci Biobehav Rev 25: 647–659.
9. Schenberg LC (2010) Towards a translational model of panic attack. Psychol.
Neurosci 3: 9–37.
10. Nashold Jr BS, Wilson WP, Slaughter DG (1969) Sensations evoked by
stimulation in the midbrain of man. J Neurosurg 30: 14–24.
11. Kumar K, Toth C, Nath RK (1997) Deep brain stimulation for intractable pain:
a 15-year experience. Neurosurgery 40: 736–46.
12. Brannan S, Liotti M, Egan G, Shade R, Madden L, et al. (2001) Neuroimaging
of cerebral activations and deactivations associated with hypercapnia and
hunger for air. Proc Natl Acad Sci U S A 98: 2029–2034.
13. Reiman EM, Raichle ME, Robins E, Mintun MA, Fusselman MJ, et al. (1989)
Neuroanatomical correlates of a lactate-induced anxiety attack. Arch Gen Psych
46: 493–500.
14. Mobbs D, Petrovic P, Marchant JL, Hassabis D, Weiskopf N, et al. (2007) When
fear is near: threat imminence elicits prefrontal-periaqueductal gray shifts in
humans. Science 317: 1079–1083.
15. Amano K, Tanikawa T, Iseki H, Kawabatake H, Notani M, et al. (1978) Single
neuron analysis of the human midbrain tegmentum. Appl. Neurophysiol 41: 66–
78.
16. Roberson-Nay R, Kendler KS (2011) Panic disorder and its subtypes: a
comprehensive analysis of panic symptom heterogeneity using epidemiological
and treatment seeking samples. Psychol Med 41: 2411–2421.
17. Schenberg LC, Vasquez EC, da Costa MB (1993) Cardiac baroreflex dynamics
during the defence reaction in freely moving rats. Brain Res 621: 50–58.
18. Schenberg LC, Po´voa RMF, Costa AL, Caldellas AV, Tufik S, et al. (2005)
Functional specializations within the tectum defense systems of the rat. Neurosci
Biobehav Rev 29: 1279–1298.
19. Schenberg LC, Lovick TA (1995) Attenuation of the midbrain-evoked defense
reaction by selective stimulation of medullary raphe neurons in rats. Am J Physiol
269: R1378–R1389.
20. Bittencourt AS, Carobrez AP, Zamprogno LP, Tufik S, Schenberg LC (2004)
Organization of single components of defensive behaviors within distinct
columns of periaqueductal gray matter of the rat: role of N-methyl-D-aspartic
acid glutamate receptors. Neuroscience 125: 71–89.
21. Sampaio KN, Mauad H, Vasquez EC, Schenberg LC (2012) Role of pulmonary
stretch receptors and sympathetic system in the inhibition of reflex bradycardia
produced by chemical stimulation of the periaqueductal gray matter of the rat.
Neuroscience 210: 222–233.
22. Schimitel FG, de Almeida GM, Pitol DN, Armini RS, Tufik S, et al. (2012)
Evidence of a suffocation alarm system within the periaqueductal gray matter of
the rat. Neuroscience 200: 59–73.
23. Casanova JP, Contreras M, Moya EA, Torrealba F, Iturriaga R (2013) Effect of
insular cortex inactivation on autonomic and behavioral responses to acute
hypoxia in conscious rats. Behav Brain Res 253:60–67.
24. Feinstein JS, Buzza C, Hurlemann R, Follmer RL, Dahdaleh NS, et al. (2013)
Fear and panic in humans with bilateral amygdala damage. Nat Neurosci 16:
270–272.
25. Klein DF (1964) Delineation of two drug-responsive anxiety syndromes.
Psychopharmacologia 5: 397–408.
26. Klein RG (1995) Is panic disorder associated with childhood separation anxiety
disorder? Clin Neuropharmacol 18, Suppl. 2: S7–S14.
27. Kossowsky J, Pfaltz MC, Schneider S, Taeymans J, Locher C, et al. (2013) The
separation anxiety hypothesis of panic disorder revisited: a meta-analysis.
Am J Psychiatry 170: 768–781.
28. Battaglia M, Bertella S, Politi E, Bernardeschi L, Perna G, et al. (1995) Age at
onset of panic disorder: influence of familial liability to the disease and of
childhood separation anxiety disorder. Am J Psychiatry 152: 1362–1364.
29. Roberson-Nay R, Eaves LJ, Hettema JM, Kendler KS, Silberg JL (2012)
Childhood separation anxiety disorder and adult onset panic attacks share a
common genetic diathesis. Depress Anxiety 29: 320–327.
30. Roberson-Nay R, Klein DF, Klein RG, Mannuzza S, Moulton JL, et al. (2010)
Carbon dioxide hypersensitivity in separation-anxious offspring of parents with
panic disorder. Biol Psychiatry 67: 1171–1177.
31. D’Amato FR, Zanettini C, Lampis V, Coccurello R, Pascucci T, et al. (2011)
Unstable maternal environment, separation anxiety, and heightened CO2
sensitivity induced by gene-by-environment interplay. PLoS ONE 6: e18637.
32. Kinkead R, Genest SE, Gulemetova R, Lajeunesse Y, Laforest S, et al. (2005)
Neonatal maternal separation and early life programming of the hypoxic
ventilatory response in rats. Respir Physiol Neurobiol 149: 313–324.
33. Genest SE, Gulemetova R, Laforest S, Drolet G, Kinkead R (2004) Neonatal
maternal separation and sex-specific plasticity of the hypoxic ventilatory
response in awake rat. J Physiol 554: 543–557.
34. Genest SE, Gulemetova R, Laforest S, Drolet G, Kinkead R (2007) Neonatal
maternal separation induces sex-specific augmentation of the hypercapnic
ventilatory response in awake rat. J Appl Physiol 102: 1416–1421.
35. Genest SE, Balon N, Laforest S, Drolet G, Kinkead R (2007) Neonatal maternal
separation and enhancement of the hypoxic ventilatory response in rat: the role
of GABAergic modulation within the paraventricular nucleus of the hypothal-
amus. J Physiol 583: 299–314.
36. Dumont FS, Biancardi V, Kinkead R (2011) Hypercapnic ventilatory response
of anesthetized female rats subjected to neonatal maternal separation: insight
into the origins of panic attacks? Respir Physiol Neurobiol 175: 288–295.
37. Preter M, Klein DF (2008) Panic, suffocation false alarms, separation anxiety
and endogenous opioids. Prog. Neuropsychopharmacol. Biol Psychiatry 32:
603–612.
38. Heim C, Shugart M, Craighead WE, Nemeroff CB (2010) Neurobiological and
psychiatric consequences of child abuse and neglect. Dev Psychobiol 52: 671–
690.
39. Angst J, Wicki W (1993) The epidemiology of frequent and less frequent panic
attacks. In Montgomery, S.A. (ed), Psychopharmacology of Panic, Oxford
University Press, New York, pp 7–24.
40. Gorman JM, Coplan JD (1996) Comorbidity of depression and panic disorder.
J Clin Psychiatry 57, Suppl 10: 34–41.
41. Kaufman J, Charney D (2000) Comorbidity of mood and anxiety disorders.
Depress Anxiety 12, Suppl 1: 69–76.
42. Paxinos G, Watson C (1998) The Rat Brain in Stereotaxic Coordinates. (4th
edition ed.), Academic Press, San Diego.
43. Schenberg LC, Costa MB, Borges PC, Castro MF (1990) Logistic analysis of the
defense reaction induced by electrical stimulation of the rat mesencephalic
tectum. Neurosci Biobehav Rev 14: 473–479.
44. Collett D (2002) Modelling Binary Data. (2nd ed.), Chapman, Hall/CRC,
London.
45. Schenberg LC, Marc¸al LPA, Seeberger F, Barros MR, Sudre´ ECM (2000) L-
type calcium channels selectively control the defensive behaviors induced by
electrical stimulation of dorsal periaqueductal gray and overlying collicular
layers. Behav Brain Res 111: 175–185.
46. APA (2000) Diagnostic and Statistical Manual of Mental Disorders, 4th Ed.
Revised. American Psychiatry Association, Washington, DC.
47. WHO (1993) The ICD-10 Classification of Mental and Behavioral Disorders.
Diagnostic Criteria for Research, World Health Organization Press, Geneva.
48. Bittencourt AS, Nakamura-Palacios EM, Mauad H, Tufik S, Schenberg LC
(2005) Organization of electrically and chemically evoked defensive behaviors
within the deeper collicular layers as compared to the periaqueductal gray
matter of the rat. Neuroscience 133: 873–892.
49. Francis DD, Meaney MJ (1999) Maternal care and the development of stress
responses. Curr Opin Neurobiol 9: 128–134.
50. Francis DD, Champagne FA, Liu D, Meaney MJ (1999) Maternal care, gene
expression, and the development of individual differences in stress reactivity.
Ann. N.Y. Acad. Sci 896: 66–84.
51. Wohr M, Schwarting RK (2008) Maternal care, isolation-induced infant
ultrasonic calling, and their relations to adult anxiety-related behavior in the rat.
Behav Neurosci 122: 310–330.
52. Neumann ID, Wigger A, Kromer S, Frank E, Landgraf R, et al. (2005)
Differential effects of periodic maternal separation on adult stress coping in a rat
model of extremes in trait anxiety. Neuroscience 132: 867–877.
53. Suchecki D, Mozaffarian D, Gross G, Rosenfeld P, Levine S (1993) Effects of
maternal deprivation on the ACTH stress response in the infant rat.
Neuroendocrinology 57: 204–212.
Panic Facilitation in Neonatally-Isolated Adult Rats
PLOS ONE | www.plosone.org 8 March 2014 | Volume 9 | Issue 3 | e90726
54. Levine S (2001) Primary social relationships influence the development of the
hypothalamic–pituitary–adrenal axis in the rat. Physiol Behav 73: 255–260.
55. Schmidt M, Okimoto DK, Dent GW, Gordon MK, Levine S (2002) Maternal
regulation of the hypothalamic-pituitary-adrenal axis in the 20-day-old rat:
consequences of laboratory weaning. J Neuroendocrinol 14: 450–457.
56. Hofer MA (1996) Multiple regulators of ultrasonic vocalization in the infant rat.
Psychoneuroendocrinology 21: 203–217.
57. Hofer MA, Brunelli SA, Shair HN (1994) Potentiation of isolation-induced
vocalization by brief exposure of rat pups to maternal cues. Dev Psychobiol 27:
503–517.
58. Hofer MA, Brunelli SA, Masmela J, Shair HN (1996) Maternal interactions
prior to separation potentiate isolation-induced calling in rat pups. Behav
Neurosci 110: 1158–1167.
59. Kuhn CM, Schanberg SM (1998) Responses to maternal separation:
mechanisms and mediators. Int J Dev Neurosci 16: 261–270.
60. Oreland S, Pickering C, Gokturk C, Oreland L, Arborelius L, et al. (2009) Two
repeated maternal separation procedures differentially affect brain 5-hydroxy-
tryptamine transporter and receptors in young and adult male and female rats.
Brain Res 1305: S37–S49.
61. Keay KA, Bandler R (2004), Periaqueductal Gray. In Paxinos, G, (ed), The Rat
Nervous System, Elsevier, San Diego, pp. 243–257.
62. Krout KE, Jansen AS, Loewy AD (1998) Periaqueductal gray matter projection
to the parabrachial nucleus in rat. J Comp Neurol 401: 437–454.
63. Hayward LF, Castellanos M (2003) Increased c-Fos expression in select lateral
parabrachial subnuclei following chemical versus electrical stimulation of the
dorsal periaqueductal gray in rats. Brain Res 974: 153–166.
64. Champagne DL, Bagot RC, van Ramakers HFG, Meaney MJ, de Kloet ER, et
al. (2008) Maternal care and hippocampal plasticity: evidence for experience-
dependent structural plasticity, altered synaptic functioning, and differential
responsiveness to glucocorticoids and stress. J Neurosci 28: 6037–6045.
65. Abelson JL, Curtis GC (1996) Hypothalamic-pituitary-adrenal axis activity in
panic disorder. 24-hour secretion of corticotropin and cortisol. Arch Gen
Psychiatry 53: 323–331.
66. Schreiber W, Lauer CJ, Krumrey K, Holsboer F, Krieg JC (1996) Dysregulation
of the hypothalamic-pituitary-adrenocortical system in panic disorder. Neuro-
psychopharmacology 15: 7–15.
67. Rots NY, de Jong J, Workel JO, Levine S, Cools AR, et al. (1996) Neonatal
maternally deprived rats have as adults elevated basal pituitary-adrenal activity
and enhanced susceptibility to apomorphine. J Neuroendocrinol 8: 501–506.
68. Rentesi G, Antoniou K, Marselos M, Fotopoulos A, Alboycharali J, et al. (2010)
Long-term consequences of early maternal deprivation in serotonergic activity
and HPA function in adult rat. Neurosci Lett 480: 7–11.
69. Fournier S, Allard M, Gulemetova R, Joseph V, Kinkead R (2007) Chronic
corticosterone elevation and sex-specific augmentation of the hypoxic ventilatory
response in awake rats. J Physiol 584: 951–962.
70. McIntosh J, Anisman H, Merali Z (1999) Short- and long-periods of neonatal
maternal separation differentially affect anxiety and feeding in adult rats: gender-
dependent effects. Brain Res Dev Brain Res 113: 97–106.
71. Roman E, Gustafsson L, Berg M, Nylander I (2006) Behavioral profiles and
stress-induced corticosteroid secretion in male Wistar rats subjected to short and
prolonged periods of maternal separation. Horm Behav 50: 736–747.
72. Grace L, Hescham S, Kellaway LA, Bugarith K, Russell VA (2009) Effect of
exercise on learning and memory in a rat model of developmental stress. Metab
Brain Dis 24: 643–657.
73. Slotten HA, Kalinichev M, Hagan JJ, Marsden CA, Fone KC (2006) Long-
lasting changes in behavioural and neuroendocrine indices in the rat following
neonatal maternal separation: gender-dependent effects. Brain Res 1097: 123–
132.
74. Savignac HM, Dinan TG, Cryan JF (2011) Resistance to early-life stress in mice:
effects of genetic background and stress duration. Front Behav Neurosci 5: 13.
75. Wigger A, Neumann ID (1999) Periodic maternal deprivation induces gender-
dependent alterations in behavioral and neuroendocrine responses to emotional
stress in adult rats. Physiol Behav 66: 293–302.
76. Shalev U, Kafkafi N (2002) Repeated maternal separation does not alter sucrose-
reinforced and open-field behaviors. Pharmacol Biochem Behav 73: 115–122.
77. Huot RL, Thrivikraman KV, Meaney MJ, Plotsky PM (2001) Development of
adult ethanol preference and anxiety as a consequence of neonatal maternal
separation in Long Evans rats and reversal with antidepressant treatment.
Psychopharmacology (Berl) 158: 366–373.
78. Daniels WM, Pietersen CY, Carstens ME, Stein DJ (2004) Maternal separation
in rats leads to anxiety-like behavior and a blunted ACTH response and altered
neurotransmitter levels in response to a subsequent stressor. Metab Brain Dis 19:
3–14.
79. Park HJ, Chae Y, Jang J, Shim I, Lee H, et al. (2005) The effect of acupuncture
on anxiety and neuropeptide Y expression in the basolateral amygdala of
maternally separated rats. Neurosci Lett 377: 179–184.
80. Pascual R, Zamora-Leon SP (2007) Effects of neonatal maternal deprivation and
postweaning environmental complexity on dendritic morphology of prefrontal
pyramidal neurons in the rat. Acta Neurobiol Exp 67: 471–479.
81. Troakes C, Ingram CD (2009) Anxiety behaviour of the male rat on the elevated
plus maze: associated regional increase in c-fos mRNA expression and
modulation by early maternal separation. Stress 12: 362–369.
82. Lehmann J, Feldon J (2000) Long-term biobehavioral effects of maternal
separation in the rat: consistent or confusing? Rev Neurosci 11: 383–408.
83. McGrath PJ, Stewart JW, Liebowitz MR, Markowitz JM, Quitkin FM, et al.
(1988) Lactate provocation of panic attacks in depressed outpatients. Psychiatry
Res 25: 41–47.
84. Quintino-Dos-Santos JW, Muller CJ, Santos AMC, Tufik S, Rosa CA, et al.
(2013) Long-lasting marked inhibition of periaqueductal gray-evoked defensive
behaviors in inescapably-shocked rats. Eur J Neurosci (doi:10.1111/ejn.12410).
85. Battaglia M, Pesenti-Gritti P, Spatola CA, Ogliari A, Tambs K (2008) A twin
study of the common vulnerability between heightened sensitivity to hypercap-
nia and panic disorder. Am J Med Genet B Neuropsychiatr Genet 147B: 586–
593.
86. Battaglia M, Pesenti-Gritti P, Medland SE, Ogliari A, Tambs K, et al. (2009) A
genetically informed study of the association between childhood separation
anxiety, sensitivity to CO2, panic disorder, and the effect of childhood parental
loss. Arch Gen Psychiatry 66: 64–71.
87. Ogliari A, Spatola CA, Pesenti-Gritti P, Medda E, Penna L, et al. (2010) The
role of genes and environment in shaping co-occurrence of DSM-IV defined
anxiety dimensions among Italian twins aged 8–17. J Anxiety Disord 24: 433–
439.
88. Roy-Byrne PP, Geraci M, Uhde TW (1986) Life events and the onset of panic
disorder. Am J Psychiatry 143: 1424–1427.
89. Faravelli C, Pallanti S (1989) Recent life events and panic disorder. Am. J.
Psychiatry 146: 622–626.
90. Nixon RD, Bryant RA (2003) Peritraumatic and persistent panic attacks in acute
stress disorder. Behav Res Ther 41: 1237–1242.
91. Nixon RD, Resick PA, Griffin MG (2004) Panic following trauma: the etiology
of acute posttraumatic arousal. J Anxiety Disord 18: 193–210.
92. Ogliari A, Tambs K, Harris JR, Scaini S, Maffei C, et al. (2010) The
relationships between adverse events, early antecedents, and carbon dioxide
reactivity as an intermediate phenotype of panic disorder: a general population
study. Psychother Psychosom 79: 48–55.
93. Spatola CA, Scaini S, Pesenti-Gritti P, Medland SE, Moruzzi S, et al. (2011)
Gene-environment interactions in panic disorder and CO(2) sensitivity: Effects
of events occurring early in life. Am J Med Genet B Neuropsychiatr Genet 156B:
79–88.
94. Fournier S, Joseph V, Kinkead R (2011) Influence of juvenile housing conditions
on the ventilatory, thermoregulatory, and endocrine responses to hypoxia of
adult male rats. J Appl Physiol 19: 516–523.
Panic Facilitation in Neonatally-Isolated Adult Rats
PLOS ONE | www.plosone.org 9 March 2014 | Volume 9 | Issue 3 | e90726
